Cell division cycle 20 (CDC20) and fizzy/cell division cycle 20 related 1 (FZR1) are activators of the anaphase-promoting complex (APC), which ubiquitinates M-phase regulating proteins, such as cyclin B and securin, and induces their degradation. In the present study, porcine CDC20 and FZR1 were cloned by reverse transcriptase-polymerase chain reaction, and their functions in the meiotic maturation of porcine oocytes were analyzed. FZR1 was readily detected in porcine immature oocytes by immunoblotting, but its levels decreased substantially during maturation. In contrast, CDC20 levels rose during oocyte maturation and were highest by the second meiotic metaphase. The inhibition of CDC20 expression by the injection of CDC20 antisense RNA induced the meiotic arrest at the first meiotic metaphase (M1) and the accumulation of a large amount of cyclin B. On the other hand, the inhibition of FZR1 expression accelerated cyclin B accumulation and the start of germinal vesicle breakdown (GVBD), but did not affect the exit from M1. Conversely, the overexpression of FZR1 by the injection of FZR1 mRNA suppressed the cyclin B accumulation and retarded GVBD. Surprisingly, the injection of CDC20 mRNA into the immature oocytes could not increase CDC20 expression, but increased cyclin B accumulation and accelerated the meiotic progression. As CDC20 is a substrate of APC (FZR1), CDC20 might have competed with cyclin B and inhibited the FZR1 function. These results suggest that porcine FZR1 and CDC20 work on the maintenance of meiotic arrest at the first meiotic prophase and on the exit from M1, respectively, and that their functional phases are strictly distinguished during porcine oocyte maturation.
INTRODUCTION
Physiological M-phase progression requires appropriate synthesis and degradation of M-phase regulatory proteins, such as cyclin B and securin. The anaphase-promoting complex (APC) was first identified in mitotic Xenopus egg extract [1] as a ubiquitin ligase, which ubiquitinates these regulatory proteins and induces their degradation by 26S proteasome [2] . The activation of APC is performed by binding with either cell division cycle 20 (CDC20; Slp1/ p55CDC/Fizzy) or fizzy/cell division cycle 20 related 1 (FZR1; Ste9/Cdh1/Fizzy-related), both of which are known to be APC activators. These activators recognize specific target proteins differently depending on the recognition sequences that are present in their target proteins, such as the destruction box (D-box) for CDC20, and the D-box, KEN box, and CRY box for FZR1 [3] [4] [5] . Therefore, the kind of binding activator is of substantial importance for determining the APC function.
In the mitotic cell cycle, CDC20 accumulates from the Sphase and activates APC during the M-phase after the phosphorylation of APC subunits by the M-phase promoting factor (MPF) [6, 7] . On the other hand, FZR1 is subjected to inhibitory phosphorylations by MPF and is inactive during most of the M-phase [8] . At the end of the M-phase, FZR1 is dephosphorylated, and the activated APC (FZR1) degrades cyclin B, as well as CDC20, continuously during the G1-phase [3, 9] . Thus, CDC20 works mainly during the M-phase and FZR1 takes over the APC activation from the end of the Mphase to the G1-phase in mitotic cells. This difference in functional phase is needed for the physiological progression of the cell cycle.
The degradation of cyclin B and securin by APC activity is also involved in the meiotic maturation of oocytes in many species. Regarding the transition from metaphase to anaphase, the degradation of securin and cyclin B by APC activity is necessary in budding yeast and Drosophila [10, 11] . In Xenopus oocytes, APC activity is reportedly essential for the metaphase/anaphase transition during the second meiosis, although APC (CDC20) activity is dispensable for this transition in the first meiosis [12, 13] . With respect to mouse oocytes, overexpression or nondegradable D-box-mutants of either securin or cyclin B cause arrest at the first meiotic metaphase (M1) [14] [15] [16] . This suggests there is a need for both cyclin B and securin degradation during first meiosis in mouse, which recently was reported to be mediated by APC (CDC20) activity [17] . In contrast to the role of CDC20 in securin and cyclin B degradation during mouse oocyte maturation, the other APC activator, FZR1, has been reported to prevent germinal vesicle breakdown (GVBD) [18] . Here, APC (FZR1) maintained GV arrest by keeping cyclin B1 levels low enough not to induce activation of MPF.
Despite the increasing importance of examining APC activity regulation, the mouse is the only mammalian species for which it has been reported that CDC20 and FZR1 function in the meiotic maturation of oocytes. In addition, de novo protein synthesis and also protein degradation are needed for GVBD in porcine oocytes, and their GVBD takes place about 24 h after the isolation from the ovarian follicles, whereas protein synthesis is not required in rodent oocytes and takes only less than 2 h [19] [20] [21] , prompting analyses of APC and its activators in mammals other than mice. In the present study, the functions of APC activators were analyzed in porcine oocytes in which the fluctuation of two cyclin B isoforms, cyclin B1 and cyclin B2, has been reported during meiotic maturation [22] . First, porcine CDC20 and FZR1 cDNAs were cloned, then mRNA and antisense RNA of both activators were in vitro transcribed from the obtained cDNAs. These RNAs were injected into the immature porcine oocytes in order to overexpress or suppress the expression of these activators, and their effects on meiotic maturation were analyzed.
MATERIALS AND METHODS

Collection and Maturation of Porcine Oocytes
Ovaries of prepubertal gilts were collected at a commercial slaughterhouse and transported to our laboratory at about 378C in saline. Cumulus oocyte complexes (COCs) were aspirated from follicles (about 2-5 mm in diameter) and washed four times in a culture medium consisting of a modified Krebs-Ringer bicarbonate solution [23] containing 20% porcine follicular fluid, 1.0 IU/ml eCG (Pramex; Sankyo, Tokyo, Japan), and 3.2 mg/ml BSA (fraction V; WAKO Pure Chemical Industries, Osaka, Japan). Groups of 10-20 COCs were cultured up to 48 h in 100 ll of the culture medium and covered by liquid paraffin (Nakalai Tesque Inc., Kyoto, Japnan) at 378C, under an atmosphere of 5% CO 2 in air and saturated humidity. After culturing, the surrounding cumulus cells were removed by treatment with hyaluronidase (type IV; Sigma, St. Louis, MO) and gentle pipetting in saline supplemented with 0.1% polyvinyl-pyrrolidone (PVP, average molecular weight 10,000; Sigma). The denuded oocytes were then subjected to immunoblotting and MPF activity assay. Some oocytes were examined for their nuclear status after being mounted on a glass slide, fixed with acetic acid-ethanol (1:3), and stained with 0.75% acetoorcein solution.
Preparation of Porcine CDC20 and FZR1 Antisense RNAs
Full-length porcine CDC20 and FZR1 cDNA were obtained by reverse transcriptase-polymerase chain reaction (RT-PCR) of total RNA extracted from porcine noncultured oocytes using a commercial RNA extraction solution (Trizol Reagent; Gibco BRL, Karlsruhe, Germany). The primer pairs were designed according to the sequences of human and mouse CDC20 and FZR1 as follows: CDC20 forward primer, 5 0 -ATGGCRCAGTTCGYGTTCGAGAG-3 0 ; CDC20 reverse primer, 5 0 -TCARCGGATGCCTTGGTGGATGA-3 0 ; FZR1 forward primer, 5 0 -ATGGACCAGGACTATGAGCG-3 0 ; FZR1 reverse primer, 5 0 -YTAYCGGATCCKGGTGAAGAGGTTGA-3 0 (where R ¼ A or G, Y ¼ C or T, and K ¼ T or G). The PCR products derived from CDC20 primer pairs and FZR1 primer pairs were cloned into pGEM-T Easy vector (A1360, Promega, Madison, WI). For sequencing, a commercial sequencing kit (Applied Biosystems, Foster City, CA) and a DNA sequencer (Applied Biosystems) were used according to the manufacturer's instructions. The porcine GAPDH transcripts (forward primer: 5 0 -TCCTGCACCAC-CAACTGCTTAGC-3 0 ; reverse primer: 5 0 -AGGTCCACCACCCTGTTGCTG-TA-3 0 ) were used as an endogenous control. For the in vitro synthesis of antisense RNAs, CDC20/pGEM-T Easy and FZR1/pGEM-T Easy were linearized by Sph I (TaKaRa Shuzo Co., Ltd., Tokyo, Japan) and Apa I (TaKaRa Shuzo Co.), respectively. The linearized cDNA was transcribed in vitro with SP6-RNA-polymerase using the CapScribe system (Nippon Roche Co., Ltd., Kamakura, Japan) according to the manufacturer's instructions. The same methods were used for the in vitro mRNA synthesis except for the use of Nde I (TaKaRa Shuzo Co.), Sac I (TaKaRa Shuzo Co.), and T7-RNA-polymerase (Nippon Roche Co.) instead of Sph I, Apa I, and SP6-RNA-polymerase, respectively. The reaction was performed in the presence of m 7 G(5 0 )ppp(5 0 )G to synthesize capped RNA transcripts. The enhanced green fluorescent protein (EGFP) mRNA was also prepared from EGFP/pGEM-3Z and the same in vitro transcription system as described previously [24] . The RNA transcripts were precipitated with absolute ethanol, washed, dried, and resuspended in RNase-free water. The RNA solutions were stored at À808C until use.
Microinjection
In a previous report [24] , we found that coinjecting EGFP mRNA with other mRNAs or antisense RNAs and then collecting the oocytes with EGFP illumination was a powerful method for selecting viable oocytes. In the present study, therefore, we employed this EGFP mRNA-coinjection method for the injection of mRNAs and antisense RNAs as a marker of oocyte viability and also a marker of expressing the objective proteins in the case of mRNA injection. The concentration of each RNA in the solutions was adjusted to 0.5 lg/ll. The microinjection was performed in 150 ll of the culture medium using microinjectors (IM-5B; Narishige, Tokyo, Japan) equipped with manipulators (MMN-1; Narishige) mounted on an inverted microscope (Diaphoto200; Nikon, Kawasaki, Japan). Approximately 50 pl of RNA solution was injected into each ooplasm of the noncultured COCs by continuous pneumatic pressure. After injection, all COCs were cultured as described above, and the expression of EGFP was examined under a fluorescent stereomicroscope (MZ FL III; Leica, Wetzlar, Germany). About 25% of oocytes were EGFP-positive. Only the oocytes expressing EGFP illumination were used for analysis in the present study except for the 0-h samples, which were collected immediately after the injection.
MPF Activity Assay
The denuded oocytes were lysed in 2 ll of assay buffer [25] and stored at À808C until use. The activity of MPF was evaluated on the basis of the histone H1 kinase activity as described previously [26] . The lysates (2ll) were added to 15 ll of assay buffer containing 2.5 ll of 2.5 lM cAMP-dependent protein kinase inhibitor (Sigma), 5 ll of histone H1 (5 mg/ml; Sigma), and 5 ll of 0.1 mM [c- 32 P] ATP (0.4 mCi/ml; Amersham Pharmacia Biotech, Buckinghamshire, UK). The reaction took place at 378C for 1 h and was stopped by adding 5 ll of 5 3 Laemmli buffer [27] into each assay tube; the mixture was then denatured at 1008C for 5 min and subjected to SDS-PAGE. The bands of phosphorylated histone H1 were visualized by autoradiography.
Immunoblotting
The micro-Western blotting system [28] , a small immunoblotting system, was used for the immunoblotting of the oocytes with several modifications. Ten oocytes were placed in 2 ll of PVP-saline, supplemented with 0.5 ll of 5 3 Laemmli buffer, denatured, and subjected to SDS-PAGE using a 10% polyacrylamide gel. The proteins were transferred to a polyvinylidene fluoride membrane (AE-6660; Atto Co., Tokyo, Japan). After blocking the membrane with 3% (w/v) skimmed milk for 1 h, the membrane was treated with anti-CDC20 polyclonal antibody (100-401-A17; Rockland Immunochemicals, Inc., Gilbertsville, PA), anti-FZR1 monoclonal antibody (MS-1116-P; LAB VISION Corp., Fremont, CA), anti-cyclin B1 monoclonal antibody (CB169; Upstate Biochemistry Inc., Waltham, MA), anti-cyclin B2 polyclonal antibody (N-20; Santa Cruz Biotechnology, Santa Cruz, CA), or anti-CDC2 monoclonal antibody (sc-54; Santa Cruz Biotechnology). To visualize the protein-bound antibodies, horseradish peroxidase (HRP)-conjugated anti-mouse IgG (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) was used for FZR1, cyclin B1, and CDC2. HRP-conjugated anti-rabbit IgG (AP132P; Chemicon International Inc., Temecula, CA) was used for CDC20 and cyclin B2 as a second layer, followed by a detection procedure using an ECL detection kit (Amersham Pharmacia Biotech) according to the manufacturer's instructions. The specificity of the antibodies is shown in Supplemental Figure S1 (all Supplemental Figures are available online at www.biolreprod.org).
Statistical Analysis
The results were evaluated with the chi-square test. Values of P , 0.05 were considered to indicate statistical significance.
RESULTS
Cloning of Porcine CDC20 and FZR1
In order to clone cDNAs of porcine CDC20 and FZR1 by RT-PCR, primer sets were designed according to the 5 0 -end and 3 0 -end sequences of human and mouse homologues, as shown in Supplemental Figures S2A and S3A, respectively, because porcine CDC20 and FZR1 fragments that included these positions were not available from a database. Using these primer sets, RT-PCR products of the expected length were obtained from total RNA of immature porcine oocytes (Supplemental Figs. S2B and S3B). Sequencing of the products revealed that porcine CDC20 contained 1500 bp and 499 amino acids (Supplemental Fig. S2C ) and that porcine FZR1 contained 1482 bp and 493 amino acids (Supplemental Fig. S3C) . We compared the amino acid alignments with human and mouse homologues and found that the homologies of porcine CDC20 were 92.3% and 87.5%, respectively, and those of porcine FZR1 were 98.8% and 99.2%, respectively (Supplemental Figs. S2C and S3C). Both porcine CDC20 and FZR1 possessed WD40 repeat domains, predicted substrate-binding sites, and porcine CDC20 contained FZR1-recognizing sequences, KENbox, and CRY-box (Supplemental Figs. S2C and S3C ).
FZR1 AND CDC20 IN SWINE OOCYTE MATURATION
Presence of CDC20 and FZR1 During Meiotic Maturation of Porcine Oocytes
We examined the presence of CDC20 and FZR1 mRNAs in maturing porcine oocytes by RT-PCR and found that both mRNAs were present throughout the maturation period (Fig.  1A) . Next we analyzed their presence at the protein level by immunoblotting with anti-human CDC20 and anti-human FZR1 antibodies. As shown in Figure 1B , porcine CDC20 protein was undetectable at 0 h or 12 h of culture and first detected at 18 h. The protein level was slightly increased at 24 h, then maintained until 48 h, when most oocytes reached the second meiotic metaphase (M2). In contrast, porcine FZR1 was present in noncultured immature oocytes and was detected during the first meiosis, until 30 h of culture, but was not detected at 48 h. These results suggested that porcine FZR1 played a role during the early maturation phase and was then replaced by porcine CDC20 in the late maturation phase.
Effects of Porcine CDC20 Antisense RNA Injection on Meiotic Maturation of Porcine Oocytes
In order to examine the functions of CDC20 in meiotic maturation, we knocked down porcine CDC20 by injecting its antisense RNA into the immature porcine oocyte cytoplasm. As shown in Figure 2A , the CDC20 expression was suppressed efficiently by the antisense RNA injection, and no signal was detected throughout the maturation period, whereas the bands of CDC2, a loading control, were clearly observed. The GVBD rate of the antisense RNA-injected group at 18 h of culture (43.7%) was significantly higher than that of the noninjected group (22.1%), but the rates at 24 h of culture (73.3% and 60.9%, respectively) were not significantly different between these two groups (Fig. 2B) , indicating a weak inhibitory effect of porcine CDC20 on meiotic resumption. The final distribution maturation stages of oocytes at 48 h of culture are shown in Figure 2C . The majority of antisense RNA-injected oocytes were arrested at M1 (68.0%), as shown in the right panel of Figure 2D , although 81.3% of uninjected oocytes matured normally (Fig. 2D, left panel) . These results indicated that porcine CDC20 had an important role in meiotic maturation, especially on the exit from M1 and progression to the second meiosis, with a weak effect on meiotic resumption.
Effects of Porcine FZR1 Antisense RNA Injection on Meiotic Maturation of Porcine Oocytes
We next examined the functions of FZR1 on the meiotic maturation of porcine oocytes by injecting its antisense RNA. The antisense RNA inhibited the FZR1 expression as early as 12 h of culture, and only a faint band was detected at this time point, with no signal being observed thereafter (Fig. 3A ). This decrease of FZR1 level caused a dramatic increase of the GVBD rate at 18 h and 24 h of culture (Fig. 3B) , indicating a strong inhibitory effect of FZR1 on the meiotic resumption of porcine oocytes. At 18 h of culture, 65.1% of antisense RNAinjected oocytes reached M1, as shown in the right panel of Figure 3C , whereas most of the uninjected oocytes still remained at the GV stage (Fig. 3C, left panel) . In spite of the prominent effect of FZR1 on meiotic resumption, more than 70% of FZR1 antisense RNA-injected oocytes matured with a first polar body at 48 h of culture and did not arrest at M1, unlike CDC20 antisense RNA-injected oocytes (Fig. 3D) . These results suggested that porcine FZR1, but not CDC20, had an essential role in the maintenance of meiotic arrest.
Cyclin B Levels and MPF Activities During Meiotic Maturation of Porcine Oocytes Injected with CDC20 or FZR1 Antisense RNA The effects of CDC20 and FZR1 were examined with a focus on cyclin B levels and MPF activities during porcine oocyte maturation. In uninjected oocytes, a faint band of cyclin B2 was first detected at 18 h of culture, and both cyclin Bs increased markedly at 24 h of culture, correlating with the increases in the GVBD rate and MPF activity (Fig. 4A) . Thereafter, cyclin B2 peaked at 30 h, then decreased at 48 h of culture, whereas cyclin B1 peaked at 48 h of culture (Fig. 4A) . These results were in good agreement with our previous reports [22, 29] .
In the oocytes injected with CDC20 antisense RNA, the cyclin B1 level was notably higher than in uninjected oocytes in the last half of the maturation period, and the decrease of cyclin B2 detected in control oocytes at 48 h of culture was not observed (Fig. 4B) . In addition, the MPF activities after 24 h of culture were dramatically higher in the CDC20 knock-down oocytes than the uninjected oocytes (Fig. 4B) . These facts indicated that the CDC20 knock-down oocytes failed to degrade cyclin B after the first meiotic metaphase and agreed well with the notion that porcine CDC20 worked mainly on the exit from M1 and the progression to the second meiosis. In contrast, an acceleration of cyclin B accumulation was observed in the oocytes injected with FZR1 antisense RNA. In these oocytes, both cyclin B1 and cyclin B2 increased markedly at 18 h of culture, 6 h earlier than control oocytes (Fig. 4C) . Unlike CDC20 knock-down oocytes, both cyclin Bs in FZR1 antisense RNA-injected oocytes decreased at 30 h of culture, indicating the degradation of cyclin B after M1. Thereafter, cyclin B2 was maintained at a low level whereas cyclin B1 accumulated again, and the cyclin B levels and MPF activity at 48 h in these oocytes were almost comparable to those in uninjected oocytes (Fig. 4C) . These results therefore suggested that porcine FZR1, in addition to having a role in the maintenance of meiotic arrest at the first meiotic prophase, also functioned in slowing down passage in meiosis I, despite having no role in the actual metaphase-anaphase transition. In mouse, this was reported to be due to APC(FZR1)-mediated CDC20 degradation during prometaphase I [17] .
Effects of Porcine FZR1 mRNA Injection on Meiotic Resumption of Porcine Oocytes
In order to confirm the FZR1 roles, we next overexpressed FZR1 in porcine oocytes and examined the effect on meiotic resumption. As shown in Figure 5A , the injection of FZR1 mRNA into the immature porcine oocytes increased the FZR1 levels at 18 h and 24 h of culture. In these oocytes, the accumulation of cyclin Bs at these time points were greatly inhibited, although the CDC2 level was not affected, and significantly higher percentages of oocytes remained at the GV stage at 18 h and 24 h compared with the control oocytes (Fig.   5B ). These results confirmed the FZR1 effects on the maintenance of meiotic arrest at the first meiotic prophase.
Effects of Porcine CDC20 mRNA Injection on Meiotic Resumption of Porcine Oocytes
Finally, we examined whether porcine CDC20 had the same effects as FZR1 on the maintenance of meiotic arrest in porcine oocytes when expressed in immature oocytes. The injection of CDC20 mRNA into the immature porcine oocytes, however, did not increase the CDC20 levels at all (Fig. 6A) . Although we could not detect CDC20 protein in oocytes containing excess CDC20 mRNA, the synthesis of CDC20 protein from the injected CDC20 mRNA was confirmed by the coinjection of FZR1 antisense RNA and the knock down of FZR1 expression (Supplemental Fig. S4 ). The GVBD rates were not significantly different between these CDC20 mRNA-injected oocytes and uninjected oocytes (Fig. 6B) . Surprisingly, cyclin B1 and cyclin B2 levels at 24 h of culture were obviously higher in the CDC20 mRNA-injected oocytes compared with the uninjected group (Fig. 6A) . In good correspondence with the increase of cyclin B accumulation, more oocytes injected with CDC20 mRNA reached the M1 phase than did control oocytes at 24 h of culture (Fig. 6C) . These results indicated that the APC activity was inhibited by the injection of CDC20 mRNA, which were completely counter to our expectations.
DISCUSSION
In the present study, we analyzed the functions of APC activators FZR1 and CDC20 in the meiotic maturation of FZR1 AND CDC20 IN SWINE OOCYTE MATURATION porcine oocytes. We began by examining their presence in porcine oocytes and found that the mRNAs of both activators were continuously present throughout the maturation period. To date, the presence of FZR1 and CDC20 during meiotic maturation of mammalian oocytes has been reported only in mice, and the continuous presence of Fzr1 and Cdc20 mRNAs has been shown throughout the maturation period [30] . At the protein level, GV oocytes and M2 oocytes have been analyzed in mice, revealing a large amount of FZR1, but not of CDC20, in the former and, conversely, a large amount of CDC20 in the latter [30] . Our results in porcine oocytes agreed with this report. Moreover, the CDC20 increase at 18 h in the GVBD initiation period and the persistence of FZR1 during the first meiosis were observed in the present study.
When CDC20 expression was inhibited by the injection of its antisense RNA, most of the porcine oocytes were arrested at M1. These oocytes showed the accumulation of cyclin B, suggesting the failure of cyclin B degradation after M1. Generally, the cyclin B degradation is necessary for the exit from M1, and the APC activity is essential for this process in budding yeast and Drosophila oocytes [10, 11] . In Xenopus oocytes, on the other hand, neither CDC20 antibody, Cdc20 antisense oligonucleotide injection, or the expression of proteolysis-resistant securin mutant had inhibitory effects on meiotic maturation, indicating the dispensability of APC activity for the transition from M1 to the anaphase [12, 13] . In mouse oocytes, it has been suggested that APC activity is required at the exit from M1, which is necessary for the separase activity following securin degradation [14, 15, 17] . Our present results support the idea that APC activity during this period is also required in porcine oocytes. The normal M1 exit of FZR1 antisense RNA-injected porcine oocytes in the present study clearly showed that the presence of CDC20 alone was sufficient for cyclin B degradation at this period in porcine oocytes. The M1 arrest of CDC20 knock-down oocytes in spite of the presence of FZR1 at 30 h of culture, when most porcine oocytes were at M1, suggests that the porcine FZR1 at this period might be phosphorylated and inactivated by the high MPF activity in porcine oocytes, as reported in the mitotic cell cycle [8] .
A drastic increase of cyclin B level at 18 h and a significant acceleration of GVBD were observed in the porcine oocytes injected with FZR1 antisense RNA. These results indicate that FZR1 affects the maintenance of meiotic arrest at the first prophase by the active degradation of cyclin B and the blocking of the elevation of MPF activity. This FZR1 effect was confirmed by the clear inhibition of the meiotic resumption by the overexpression of FZR1 in the porcine immature oocytes. It has been reported in Xenopus that FZR1 had a stimulatory effect on the meiotic resumption of oocytes [31] , whereas a completely opposite FZR1 effect was recently reported in mice using FZR1 knock-down oocytes by antisense morpholine [18] . In that report, cyclin B was rapidly degraded during the GV stage, and meiotic resumption was only weakly stimulated by the injection of cyclin B mRNA, whereas the injection of Fzr1 morpholino oligonucleotide with cyclin B FIG. 3 . Effects of FZR1 antisense RNA (asFZR1) injection on the meiotic maturation of porcine oocytes. Noncultured immature porcine oocytes were injected with asFZR1 and cultured for the indicated periods. A) The protein levels of FZR1 and CDC2 were examined by immunoblotting. Ten oocytes were used for each lane, and different parts of the same membrane were used for each blotting. Experiments were repeated at least three times, and typical results are shown with a size marker (kDa) at the right of each panel. B) The GVBD rates of the injected oocytes were examined at the indicated culture periods (the uninjected oocytes are the same as in Fig. 2B ). Experiments were repeated at least three times, and 3 the results were combined. The numbers of GVBD oocytes/total oocytes are shown at each time point (*P , 0.05, **P , 0.0001). C) Examples of the morphological appearance of noninjected oocytes cultured for 18 h or oocytes injected with asFZR1 and cultured for 18 h. Arrowheads and an arrow indicate the GV membrane and the metaphase chromosomes, respectively. Bar ¼ 20 lm. D) The percentages of oocytes in each meiotic stage at 48 h of culture. Oocytes were categorized into three stages as described in Figure 2 . 1206 mRNA reduced the Fzr1 level by approximately 90% and inhibited cyclin B degradation, resulting in the drastic stimulation of meiotic resumption [18] . The similarity of our results in porcine oocytes to those in mouse oocytes implies that FZR1 may have the general function of maintaining the first meiotic prophase in mammals.
The slight acceleration of GVBD by the CDC20 inhibition prompted us to examine whether combined FZR1 and CDC20 inhibition would achieve a higher synergistic acceleration effect on the meiotic maturation of porcine oocytes. We injected a mixture of FZR1 and CDC20 antisense RNAs into the porcine immature oocytes, but their GVBD rates were the same as those in the oocytes injected with only FZR1 antisense RNA (Supplemental Fig. S5A ). This indicates that CDC20 might not function in degrading cyclin B during prophase I arrest and meiotic resumption. In addition, the rate of M1-arrested oocytes in the group with both FZR1 and CDC20 inhibition was the same as that in the group with only CDC20 inhibition (Supplemental Fig. S5B ), confirming the predicted inactivation of FZR1 at this period. These results imply a rigid distinction between the roles of FZR1 and CDC20 in porcine oocyte maturation.
In order to examine whether the absence of a CDC20 effect on meiotic arrest was attributable to the undetectable level of the CDC20 protein in porcine immature oocytes, we tried to induce CDC20 expression by injecting oocytes with CDC20 mRNA. However, CDC20 expression was not detected; to our surprise, these oocytes showed increased cyclin B accumulation and the acceleration of the meiotic progression into M1. These results were completely opposite to our expectations. The failure of CDC20 expression was not attributed to an inadequate methodology because CDC20 was clearly expressed by the coinjection of FZR1 antisense RNA and the knock-down of FZR1 expression (Supplemental Fig. S4 ). It has A) The protein levels of FZR1, cyclin B1, cyclin B2, and CDC2 were examined by immunoblotting. Ten oocytes were used for each lane, and different parts of the same membrane were used for each blotting. Experiments were repeated at least two times, and typical results are shown with a size marker (kDa) at the right of each panel. B) The GVBD rates of the injected oocytes were examined at the indicated culture periods (the uninjected oocyte are the same as in Fig. 2B ). Experiments were repeated at least two times, and the results were combined. The numbers of GVBD oocytes/ total oocytes are shown at each time point (*P , 0.05, **P , 0.0001) .  FIG. 4 . Cyclin B contents and histone H1 kinase activity of uninjected porcine oocytes (A), of porcine oocytes injected with CDC20 antisense RNA (asCDC20) (B), and of porcine oocytes injected with FZR1 antisense RNA (asFZR1) (C) at 0 h and cultured for the indicated periods. Ten oocytes were used for each lane of cyclin B immunoblotting (different parts of the same membrane were used for the blotting of cyclin B1, cyclin B2, and CDC2), and another 10 oocytes collected from the different experiments were used for each lane of the histone H1 kinase activity assay. Experiments were repeated at least two times, and typical results are shown with a size marker (kDa) at the right of each panel.
FZR1 AND CDC20 IN SWINE OOCYTE MATURATION
been reported that CDC20 possesses a KEN-box, which is a target sequence of APC (FZR1) [3, 4] . In mouse oocytes, CDC20 degradation by APC (FZR1) was recently found to be involved in the time-course regulation of meiotic maturation by controlling the activation of APC (CDC20) [17] . These authors found that the loss of Fzr1 induced premature APC (CDC20) activation after GVBD, resulting in a decrease of cyclin B level as well as premature first polar body extrusion [17] . Conversely, suppression of securin expression decreases cyclin B level and inhibits GVBD [32] . During GV arrest, APC (FZR1) activity is regulated by substrate competition such that securin competes with cyclin B1 for degradation; therefore, securin overexpression increased cyclin B accumulation and stimulated meiotic resumption. Conversely, suppression of securin expression decreases cyclin B level and inhibits the GVBD [32] . Our present results agree well with these studies (Fig. 6 ; also see Fig. 4C ). According to these results, one reason for the undetectable level of CDC20 in immature porcine oocytes is its degradation by APC (FZR1). The present results with CDC20 mRNA-injection support the idea that APC activators and their substrates have crucial roles in controlling the timing of meiotic maturation of mammalian oocytes, and that porcine CDC20, a substrate of APC(FZR1), also contributes to the maintenance of meiotic arrest by regulating the accumulation of cyclin B.
In conclusion, the functions of APC activators in porcine oocytes can be summarized as follows (Fig.7) . In immature oocytes arrested at the first meiotic prophase, APC (FZR1) inhibits cyclin B accumulation and assists in maintenance of the meiotic arrest. The accumulation of CDC20 is also inhibited by APC (FZR1) at this period. When MPF is activated in the M-phase, FZR1 is inactivated by phosphorylation, and then the cyclin B accumulation is accelerated and MPF activity is further elevated. These effects induce the meiotic resumption of the oocytes and their progression into M1. The inactivation of APC (FZR1) also induces CDC20 accumulation, and the MPF phosphorylates APC subunits to form APC (CDC20). The active APC (CDC20) degrades cyclin B and inactivates MPF, and then the oocytes progress from M1 to the first meiotic anaphase. A prominent difference between porcine and mouse oocytes is that porcine APC (FZR1) appears to control CDC20 levels during prophase I arrest, whereas in mouse this regulation starts after GVBD [17] . It remains to be established in pig whether loss of FZR1 activity leads to aneuploidy in eggs. The accelerated passage through meiosis I following loss of FZR1 mirrors the observations in mouse, and in both species FZR1 regulates CDC20 levels [17] , so there is a strong possibility that its loss in pig would induce aneuploidy. As described here, the present study clarified for the first time the detailed regulation process of APC during the meiotic maturation of mammalian oocytes other than mouse and might provide a good basis for comparing APC regulation in other mammalian oocytes.
FIG. 6. Effects of CDC20 mRNA injection on the meiotic resumption of porcine oocytes. Noncultured immature porcine oocytes were injected with CDC20 mRNA and cultured for the indicated periods. A) The protein levels of CDC20, cyclin B1, cyclin B2, and CDC2 were examined by immunoblotting. Ten oocytes were used for each lane, and different parts of the same membrane were used for each blotting. Experiments were repeated at least two times, and typical results are shown with a size marker (kDa) at the right of each panel. B) The GVBD rates of the injected oocytes were examined at the indicated culture periods (the uninjected oocytes are the same as in Fig. 2B ). Experiments were repeated at least three times, and the results were combined. The numbers of GVBD oocytes/total oocytes are shown at each time point. There were no significant differences between the uninjected and injected groups at the same time points. C) The percentages of oocytes at each meiotic stage at 24 h of culture. Oocytes were categorized into the germinal vesicle stage (GV), the first prometaphase (PM1), and the first metaphase (M1). 
